Abstract. Microalgae is a popular condidate for the sustainable biodiesel due to its high growth rate and lipid content. This paper reviewed the effects of light conditions, including light intensity, photoperiod and spectrum on the lipid accumulation in microalgae and selects the spectrum as the variable. In this paper, the effects of different light emitting diodes (LEDs) spectra such as red, blue and white on the lipid accumulation in two microalgae species were discussed. The results showed that the total lipid content was the highest (13.76% and 31.18% of dry cell weight) in the two microalgae species, Ankistrodesmus falcatus and Chlorella vulgaris, cultured under blue light. The fatty acid methyl esters (FAME) composition was significantly influenced by the light spectrum.
Introduction
Lipid rich microalgae can be one of the most effective bioenergy producers [1] [2] [3] . It has been reported that microalgae contains large amounts of lipid accumulation [4] . The total lipid content in microalgae can vary from 1% to 85% of dry weight [1] , which is related to growth conditions such as light intensity, photoperiod (light and dark ratio) and light spectra in the culture system.
Effect of Light Intensity on Microalgae Growth and Lipid Accumulation
Light is the energy source for microalgae to synthesize cell protoplasm. It has been shown that light intensity is a main factor influencing the growth of microalgae. At light intensity of about 600 ft. candles, microalgae reaches the light saturation point [5] . Therefore, when the light intensity is higher than the light saturation limit, the microalgae cannot use the excess energy. In addition, when the depth and density of microalgae culture improve, it is necessary to increase the light intensity to enhance the light penetration and thus to achieve the light energy required for photosynthesis.
Changes of light intensity have significant effects on the biomass, total lipid content and fatty acid composition of microalgae. The effects of light intensity on the unsaturated fatty acid (USFA) accumulation may be quite different in different microalgae species. Various studies report that the lipid content and polyunsaturated fatty acids (PUFA) decrease with increasing light intensity. Thompson [6] has found that most of microalgaes have the highest eicosapntemacnioc acid (EPA, C20: 5) value under low light level, while increasing light intensity can increase docosahexaenoic acid (DHA, C22: 6) content in other microalgae species, such as Echinochloa crassipes, Pseudomonas aeruginosa, Spodoptera litura and Spirulina [7, 8] . It has been reported that increasing light intensity within the appropriate range can promote the USFA such as octadecenoic acid (C18: 1) and octadecadienoic acid (C18: 2). However, the content of USFA such as octadecatrienoic acid (C18: 3) in microalgae reduces, when light intensity is above the appropriate range. Also, the content of PUFA in chlorella decreases as light intensity improves in the range of high light intensity. This phenomenon may be related to changes in organelles during photosynthesis [9] .
Effect of Photoperiod on Microalgae Growth and Lipid Accumulation
The growth of microalgae requires proper light and dark alternation to ensure the formation of photosynthetic products and the normal metabolism of the cell materials. It has been reported that Nannochloropsis sp. should be grown at 18h: 6h light: dark cycle with light intensity of 100 µmol/m 2 /s, to achieve the maximum cell density, specific growth rate and lipid yield. However, when the photoperiod is extended to 24h: 0h with the same light intensity, the cell growth rate would gradually reduce [10] . Study suggests that there are significant differences in the growth of Chlorella under different photoperiod [9] . The yield per unit time is the highest at 16h: 8h and the lowest at 8h: 16h. Besides that, photoperiod has a certain effect on the composition of fatty acids. When using long-day illumination (16h: 8h of light/dark cycle), the accumulation of saturated fatty acids (SFA) such as tetradecanoic acid (C14: 0), hexadecanoic acid (C16: 0) and sevatric acid (C17: 0) is high, but the content of USFA is low. When using short-day illumination (8h: 16h of light/dark cycle), it is favorable for composition of USFA such as octadecadienoic acid (C18: 2) and octadecatrienoic acid (C18: 3).
Effect of Light Spectrum on Microalgae Growth and Lipid Accumulation
Microalgae growth rate and lipid content are different when it grows under different light spectra. It has been reported that N. salina, N. oceanica, and N. Oculata have significantly the increasing biomass production when the blue LED (465 nm) is used as a light source [11] . The similar results are obtained from Nannochloropsis sp. [12] . The total lipid content of Nannochloropsis sp. is significantly enhanced by blue light when compared to the other light conditions such as white, blue, blue-green, pink, red and green [13] . This is due to that microalgae has the potential to accumulate triacylglycerol under different spectra. When Chlamydomonas reinhardtii are grown under white (400-700 nm), red (650 nm) and green (550 nm) light, the lipid content reaches 4.4% (w/w) under white light, while it increases to 5.96% (w/w) at 550 nm. The accumulation of lipid in microalgae at 650 nm is 14.78% (w/w), which is 3.36-fold higher than the lipid content under white light. The most abundant fatty acids found in Chlamydomonas reinhardtii cultures at different light wavelengths are palmitic acid (C16: 0), oleic acid (C18: 1n9), octadecatetraene (C18: 4) and leinoleic acid (C18: 2) [14] . The compositions of fatty acids in the microalgae vary depending on the species and the spectra.
Materials and Methods

Microalgae Species, Media and Reactor
Two species of microalgae, Chlorella vulgaris and Ankistrodesmus falcatus (FACHB-20) were obtained from the Chinese Academy of Sciences, Wuhan Institute of Aquatic Products. The two microalgae species were respectively cultured in BG-11 medium and SE medium. Cells were inoculated at 20% into a 2-L cone bottle containing 1 L medium. Then each cone bottle was placed under three LED spectra at 25 ° C ± 1 ° C, with the intensity of 60 µmol/m 2 /s, 16h: 8h light/dark cycle for 12 days. There was a parallel experiment under each variable, and 12 tests under 3 variables for two microalgae species were conducted.
Light Source
The multi-channel LED plant growth lights (Matrix S600) were used as the light source for microalgae photosynthetic light source, as shown in Fig. 1 . There were three kinds of LED including white LED (6000K), red LED (660 nm) and blue LED (460 nm). The control experiment was carried out for 12 days under the same light intensity and operating conditions including temperature and CO 2 . LED provided 60 µmol/m 2 /s and the light/dark time was 16h: 8h. The spectrum composition and light intensity were measured with HP-L500 spectral radiation illuminance meter. In this formula, the lipid content is the percentage of the extracted lipid weight of the dry cell weight. DCW (g) is the dry cell weight of microalgae. W 1 (g) is the weight of the clean 20 mL glass tube, and W 2 (g) is the weight of 20 mL glass tube with the extracted lipid.
Analysis of Fatty Acid Methyl Esters (FAME) by Gas Chromatography (GC)
The oil after purification by nitrogen stripping was treated in a solution of methanol at 80 °C for 1 hour. After cooling to room temperature, 1 ml water and 1 ml hexane were added. The mixture was vortexed for 20 s and centrifuged at 3000 rpm for 10 min. The fatty acid methyl ester was separated from the hexane layer and its structure was determined by gas chromatography. 1 µl of the component was injected in a non-split mode, the inlet temperature was set at 250 ℃ and helium was the carrier gas. The column temperature was set at 160 ℃ for 6 min and then raised to 200 ℃ at a rate of 20 ℃/min and then raised to 235 ℃ at a rate of 5 ℃/min and equilibrated for 20 min. Finally, the temperature was raised to 240 ℃ by 0.5 ℃/min. The fatty acid content was obtained by comparing the peak area to the area of the standard sample. Fig. 2 [15] . Acetyl-coA and NADPH were the two key components in the lipid biosynthesis process, known to be produced by the synergistic actions of ATP citrate lyase (ACL), malic enzyme (ME), and fatty acid synthase (FAS) [16] . These three substances were active under blue light. It may be due to the fact that the blue photon has higher energy level than that of other colors, and contributing to easily reaching the activation energy [17] . 
Results and Discussion
Lipid analysis
Fatty acid composition
Lipids extracted from microalgae were converted to FAMEs and were detected by GC. As shown in Table 1 , the fatty acid compositions are summarized. Microalgae Ankistrodesmus falcatus had fatty acids among C12-C20. The majority of fatty acids in the Ankistrodesmus falcatus were Tridecenoic acid (C13: 1), Tetradecenoic acid (C14: 1) and Pentadecenoic acid (C15: 1), reaching to 56%-75% (w/w). Compared to the white light condition, Ankistrodesmus falcatus cultured under the blue light had less Tridecenoic acid (C13: 1) and more Tetradecenoic acid (C14: 1). While under the blue light, the fatty acid Tridecenoic acid (C13: 1) of Ankistrodesmus falcatus decreased and Pentadecenoic acid (C15: 1) increased. The compositions of fatty acids in Chlorella vulgaris grown under different light spectra conditions were illustrated in Table 2 . Heptadecanoic acid (C17: 0) was the highest component among all the compositions of fatty acids under three spectra. And its content under red light was the highest compared with that under other two spectra, reaching 56.39% (w/w). In addition, octadeca unsaturated fatty acid content is also more, to about 25%-30%. Compared to Chlorella vulgaris cultured under white light, Chlorella vulgaris grown under blue light has more alpha-linolenic acid (C18: 3n3) and Chlorella vulgaris grown under red light has more linoleic (C18: 2) content. Heptadecanoic acid (C17: 0) in Chlorella vulgaris was the highest composition of fatty acids and accounted for more than 50% of the total fatty acids. While sevatric acid (C17: 0) in Chlorella vulgaris under red LED is 56.39% (w/w), which is 3.56% (w/w) higher than the fatty acid content under white light conditions. The effect of the spectrum on different microalgae species is different. The indepth analysis of genes involved in lipid biosynthesis is necessary to well explain the accumulation of lipids in the culture grown under different light spectra. This work would be done in the next step to explore the gene expression under different light spectra. This approach will be useful to find a sustainable source of lipids for biodiesel production.
